ABSTRACT: Supercritical fluid technology has proven to be useful for many pharmaceutical applications and is now emerging as an alternative to conventional processes for the preparation of 3D structures and injectable particles suitable to be used in regenerative medicine. A current overview of the basic principles underlying supercritical fluid technology, the state of the art and future potential of this technology are presented.
INTRODUCTION
T he field of tissue engineering has evolved greatly since the concept of combining active compounds and scaffolds to create artificial tissues. The emerging generation of engineered tissues incorporates the development of scaffolds that are infused with bioactive molecules to create an environment for the cellular function (proliferation and differentiation factors) or to interact with the contact tissues (drugs delivery, such as anti-inflammatory agents or antibiotics). Hence, the strategy is to mimic matrices and provide the necessary information or signaling for cell attachment, proliferation, and differentiation to meet the requirements for dynamic tissue engineering [1, 2] .
One of the most important stages of tissue engineering is the design and processing of a 3D structure, with high porosity, high interconnectivity between the porous and uniform distribution. A variety of processing techniques have been developed [3] ; the main disadvantages of these methods are the use of large quantities of organic solvents or high temperatures required. Therefore, there is a need to develop new technologies able to overcome these drawbacks. The use of supercritical fluid could be an alternative to the conventional processes and several techniques are described in the literature for processing of biopolymers and biomedical devices using this technology.
SUPERCRITICAL FLUIDS: BASIC PRINCIPLES
A supercritical fluid (SCF) can be defined as a dense phase at which the pressure and temperature are above the critical point of a gas. At the critical point a single phase exists with properties common to liquids, namely density, viscosity, compressibility, and mass diffusion coefficient [4] . Different supercritical fluids are available but not all are suitable for certain applications. The choice of the SCF depends on its physicochemical properties [5] .
Carbon dioxide is the most commonly used supercritical fluid as its critical parameters, specially its low critical temperature, makes it very attractive for processing thermosensitive compounds, such as pharmaceuticals and other bioactive compounds. It presents other important advantages, since it is environmentally benign, nontoxic, nonflammable, noncorrosive, readily available, and inexpensive. Furthermore, carbon dioxide has the status of a GRAS (Generally Regarded as Safe) solvent. The elimination of carbon dioxide and the recovery of final products are easier (no residue is left and a dry solid product is easily obtained, just by manipulating the pressure), thus leading to processes with less energy consumption. Carbon dioxide can be recovered and reused, and, therefore, does not contribute to the greenhouse effect.
In all products for medical and pharmaceutical applications, the presence of residual organic solvents is rigorously controlled by international safety regulations, therefore, it is necessary to warrant the complete removal and absence of these substances, without exposing drugs to high temperatures, which may degrade them [6] . Thus the use of supercritical fluid technology, such as supercritical carbon dioxide, appears to be a viable alternative to the traditional processing methods.
PREPARATION OF 3D SCAFFOLDS
Several techniques are reported in the literature for the preparation of 3D scaffolds [7] . Conventionally, 3D structures can be obtained by processes such as solvent casting-particle leaching [8] , freeze-dryingparticle leaching [9] , thermally induced phase separation [10] , compression molding [11] , injection molding [12, 13] , extrusion [14] , foaming [15] , wet spinning [16] and electrospinning [17] , as well as others.
The advantages of these processes have, however, to be weighed against the fact that these normally involve the use of large amounts of organic solvents, and further purification and drying steps are often needed. Additionally, some of these techniques are often performed at high temperatures, which may degrade thermo-labile components, such as pharmaceutical drugs and bioactive agents. For these reasons, new processes that are able to avoid or reduce the use of organic solvents and that operate under mild conditions are of interest. Supercritical fluids are an attractive technology platform that qualify to overcome these drawbacks. The most commonly used techniques for the preparation of 3D scaffolds for tissue engineering purposes include gas foaming and phase inversion processes.
Gas Foaming
Gas foaming takes advantage of the plasticizing properties of carbon dioxide. The most relevant phase change for polymer processing is the glass transition temperature (T g , the glass-to-rubber transition). It is qualitatively known for many years that the compression of solid materials with gases alter the phase equilibria of pure component, in particular, the dissolution of carbon dioxide lowers the T g of amorphous polymers, and in some cases, significantly. The reduction of glass transition temperature is a thermodynamic effect due to intermolecular interactions between carbon dioxide and the polymer. Stronger interactions enhance T g depression, as does chain flexibility. In the gas foaming technique, the polymer is exposed to carbon dioxide to plasticize it by reducing the glass transition temperature. On venting the CO 2 , by depressurization, the thermodynamic instability causes 3D Tissue Engineering Scaffold Applications super saturation of the carbon dioxide dissolved in the polymer matrix and hence, nucleation of cells occurs ( Figure 1 ) [18] . The use of this technique is, however, limited to amorphous polymers or semicrystalline polymers with low T g .
Represented in Figure 2 is an example of the foaming effect on a methacrylate-based copolymer. The material on the left-hand side was exposed to carbon dioxide for 10 minute. Then depressurizing the system causes the polymer to foam and the final result is illustrated in Figure 2 (right-hand side).
This technique has the potential to be used to prepare 3D materials having high porosity and interconnected pores with a wide range of applications in the field of tissue engineering and regenerative medicine.
Mooney and coworkers [19, 20] were the first to describe the use of supercritical foaming for the preparation of macroporous scaffolds for tissue engineering applications. Interconnected porous structures of P D,L LGA were successfully produced. Much of the research in this field is based on homopolymers and copolymers of lactic and glycolic acids as they are attractive candidates for the fabrication of tissue engineering scaffolds [21, 22] . Bioresorbable ceramic-polymer composites were also prepared and are described by Mathieu et al. [23] and Georgiou et al. [24] . The ability to process composite matrixes of ceramics and polymers or blends of different polymers demonstrates the versatility of this technology and shows the potential to develop materials with the desired morphological and mechanical properties. The gas foaming process has also proven to be a very promising technique for the preparation of scaffolds loaded with growth factors and cells. Howdle and coworkers [25] have encapsulated proteins in biocompatible and biodegradable polymers, such as PLA, PLGA, and PCL, at relatively low temperatures and moderate pressures.
An attempt to prepare scaffolds with single and dual protein release from PLA scaffolds was successfully described by Ginty et al. [26] . The ability to generate porous structures in supercritical carbon dioxide, that are able to release basic fibroblastic growth factor (bFGF) [27] or vascular endothelial growth factor (VEGF165) [28] from PLGA was also demonstrated. Another work, by Yang et al. [29] used the same methodology to load the scaffolds with bone morphogenetic protein 2 (BMP2). A nonviral gene delivery system for tissue engineering purposes was developed in a one-step process using supercritical foaming [30] .
A critical step in tissue engineering strategies is to achieve high cell seeding efficiencies. The typical procedure is to deposit or inject cell suspensions into the scaffolds. However, in many situations a large portion of the cells is washed out or falls off of the construct during the culturing. Methodologies are needed to induce more efficient contact between cells and scaffold materials. One way, would be to process the material and the cells together in order to obtain a more homogeneous and stable hybrid scaffold. However, cells do not survive in most processing environments except supercritical technologies that could overcome such drawbacks. This would be a major advantage in the field of tissue engineering and regenerative medicine.
A recent study reported by Ginty et al. [31] showed that mammalian cells can survive in a supercritical environment for up to 5 minutes Myoblastic C2C12 cell line, 3T3 fibroblasts, chondrocytes, and hepatocytes were also tested which led to the development of a new injection system for the production of polymer/mammalian cell composites [32] . In a single step, cells are loaded during scaffold processing.
Phase Inversion
The phase inversion method, also known as immersion precipitation technique, involves casting of a polymer solution onto an inert support followed by immersion of the support with the cast film into a bath filled with a nonsolvent for the polymer. The contact between the solvent and the nonsolvent causes the solution to be phase-separated (Figure 3 ).
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If the nonsolvent used is a supercritical fluid this adds several advantages to the process. One of the most important advantages of carbon dioxide is the fact that by simply tuning the process conditions, i.e., pressure and temperature, one can tailor the final structure of the product. The advantages of this technique over the conventional phase inversion method are the fact that carbon dioxide can dry the polymer matrix without collapse of the structure due to the absence of a liquid-vapor interface and when carbon dioxide is used as a nonsolvent a subsequent drying step is avoided and the porous structure obtained is a dry product.
The use of carbon dioxide as a nonsolvent for phase separation has been successfully used for the preparation of different polymeric membranes. For the preparation of porous scaffolds two polymers, largely used for biomedical applications, poly(L-lactic acid) [33] and poly(methyl methacrylate), [34] were processed. Porous matrixes from these two materials were produced as well as composite structures were developed [35, 36] for tissue engineering and drug delivery devices.
Recently, our group prepared porous structures of starch-based polymers (SPLA) using this technique. It was for the first report of a supercritical fluid assisted phase inversion being used for processing natural-based polymers (Figure 4) [37] .
Gas foaming and supercritical assisted phase inversion are two techniques that have been explored for the preparation of 3D matrixes to be used in tissue engineering and regenerative medicine. The principles inherent to each technique limited these applications to certain types of materials. Presented in Table 1 are the technological features that differentiate them.
One of the major differences between gas foaming and the supercritical assisted phase inversion is that in the case of the phase inversion, a polymer solution with organic solvents is needed. Nonetheless, the amount of solvent used is much less compared to the conventional processes. Furthermore, the morphology and properties of the polymers processed can be tuned depending on the technique used and the operating conditions of the process. In a sense, the choice of the best processing technique relies on the materials to be processed and the final application of the matrix that is being prepared.
IMPREGNATION
In tissue engineering, the development of a scaffold that can release at a controlled rate, biomolecules and provide biological activity for weeks is very important. Small molecular weight drugs that control proliferation and differentiation of cells could be incorporated into biodegradable scaffolds to induce tissue generation. The scaffold, therefore, plays an important role not only as a physical support but also as a bioactive element able to address adequate signals to cells and tissues.
For effective drug release and delivery, a mobile phase that dissolves and transports the drug component is essential as well as swelling and 
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flexing the polymer matrix to facilitate the diffusion of the drug. Effective scaffold drug impregnation is feasible when the pharmaceutical is soluble in carbon dioxide and the polymer can be swollen by the supercritical fluid ( Figure 5 ). In this case, a highly pure product, free of residual solvents, is obtained, since no organic solvents are involved in the impregnation process [38] . When depressurization occurs, the gas rapidly diffuses out of the polymer, deplasticizing it and warranting the complete removal of solvent, without exposing polymers and drugs to high temperatures [39] . The supercritical fluid impregnation of polymer matrices has been studied mostly for drug delivery systems that are able to sustain drug release for specific time periods [38] . Shown in Figure 6 is a SEM micrograph of a cross section of an alginate-carragenaan film impregnated with co-enzyme Q10. The distribution of the reagent is very homogeneous throughout the matrix. Supercritical fluid impregnation is, therefore, a much better process for polymer impregnation because the active components are more homogeneously dispersed and the final product is dry and free of any residual solvent. Our group has proven the feasibility of preparing a loaded chitosan scaffold able to sustain the release of dexamethasone [40] , a steroidal anti-inflammatory agent, which has been reported to effectively induce differentiation of bone marrow stem cells to osteoblasts [41] .
Less stable molecules can be also incorporated into matrices using supercritical fluids. Sproule et al. [42] successfully impregnated a protein in PMMA scaffolds without compromising its activity.
Using this technology, it is also possible to impregnate biomolecules with minimal chemical or structural effect in the scaffold. Recently, the impregnation of polycaprolactone fibers prepared by electrospinning was reported [43] . Thus, CO 2 impregnation of these scaffolds may provide a method for tailoring the chemistry of these relatively high surface area scaffolds without altering their biomimetic architecture.
Not only pharmaceutical compounds are suitable for impregnation, chemistry can also be done by impregnating monomers into porous matrixes. As a result matrixes with improved properties can be developed. For example, it has been reported in literature, the impregnation of HEMA into alginate foams [44] and PNIPAAm into chitosan scaffolds [45] .
STERILIZATION
Scaffolds, implants, and other medical devices to be used in invasive procedures must be clean and sterilized prior to being used. The most commonly used techniques used for sterilization include; steam autoclaving, gamma irradiation, and chemical treatments with ethylene oxide or hydrogen peroxide plasma [46] . The applicability of each technique is limited to a given material that is dependent on the processing conditions, such as temperature, pressure, and sterilant concentration. Alternatives to these sterilization processes are being studied and supercritical fluid sterilization has been proposed [47] . Intensive research has been carried out in this field and it includes the sterilization of soft tissues, polymers [48] , and medical instruments [49] . Zhang et al. [50] has extensively reviewed the current status of highpressure carbon dioxide sterilization. The effect of this technique on vegetative bacterial, bacterial spores and fungi as well as the effects of 3D Tissue Engineering Scaffold Applications the operating conditions on the growth of microorganisms and effect on their deactivation were evaluated. Although supercritical sterilization process can be applied to a wide range of medical-grade polymers [51] , in some cases an interaction between CO 2 and the polymer alters the scaffold properties. Thus not all medical-grade polymers can be treated using this process.
OTHER TECHNIQUES
Other techniques have been described in literature for the preparation of enhanced materials with potential applications in tissue engineering. This is a very recent research field and, therefore, some of these processes are not extensively studied. A new technique, called 'directional freezing of solutions' for the preparation of aligned porous materials was especially conceived to serve as scaffolds for aligned nerve growth [52] . Another research group developed a CO 2 -assisted assembly method which offers a process suitable for the simultaneous assembly of a large number of micro/nanostructures containing cells and/or biomolecules [53] . In this work, a complex 3D scaffold model was impregnated with mESCs and 3T3 fibroblasts. Recently, a new supercritical fluid-assisted process, in which a polymeric aerogel was prepared with a solid porogen and then, in a subsequent step, the gel was dried using supercritical carbon dioxide was proposed [54] .
Surface modification of polymers by graft copolymerization adds unique properties to polymer surfaces. Grafting of polymer surfaces using supercritical carbon dioxide has been tested for the preparation of PVDF membranes [55] . In this process the supercritical CO 2 , acts as a solvent and carrier agent and accelerates mass transfer of monomers inside polymer matrixes to facilitate the graft copolymerization on the surface of the membrane and within membrane pores.
Another technique for the preparation of 3D structures for tissue engineering using supercritical fluid is assisted injection molding and extrusion. The extrusion process has only been reported for applications in drug delivery and in the preparation of controlled delivery devices [56, 57] . Nonetheless these techniques can be used in the future in the preparation of porous scaffolds with or without incorporated bioactive compounds. Both supercritical-assisted injection molding and extrusion can be used for polymer blends, which can provide exceptional properties that are characteristic of a homopolymer; commonly, two or more polymers are blended in extruders or batch mixers. Carbon dioxide, as a nonsolvent for most polymers, is a very effective plasticizer, in the foaming process. Hence, supercritical fluid technology is a certain potential in this field, not only in processing of blends, but also in the preparation of blends itself.
PERSPECTIVES
As discussed, supercritical fluids are an interesting alternative to the conventional processes for the processing of biopolymers and bioactive compounds. The literature on this technology is continually expanding. From the preparation of microparticles to the development of 3D structures, supercritical fluids have evolved and now represent a wide range of alternative methods that operate under mild conditions with added advantage of tuning the scaffold properties in the fluid phase. Different research areas, such as polymer precipitation from gas saturated solutions or using CO 2 as an anti-solvent, gas foaming, supercritical-assisted phase-inversion, incorporation of bioactive compounds and cells, surface modification, extrusion, and sterilization represent the current trends in supercritical fluid technology for tissue engineering.
Integrating supercritical fluids with other technologies could provide some interesting developments. Materials processed by conventional techniques and subsequently subjected to another processing step could confer new characteristics to the material; for example, the case for polymers is prepared by rapid prototyping techniques, where porosity could be induced in a subsequent step by supercritical fluid foaming. Another example is the use of supercritical fluids for drying purposes. In addition to vacuum drying, and freeze drying, researchers are focusing on supercritical fluids as alternatives for solvent drying. The presence of residual solvents in the final products is of crucial importance in materials for pharmaceutical and biomedical applications. The strict regulatory legislation has been one of the driving forces for the intensive worldwide research and supercritical fluids appear to be an alternative owing to the properties of the fluids themselves.
The novelty of supercritical fluid technology opens a wide range of opportunities for the preparation of enhanced materials as inert structural supports for cell attachment as well as more complex and dynamic environments for tissue development. 
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